Abstract-1.3-m InGaAsP multiple-quantum-well (MQW) capped mesa buried heterostructure (CMBH) lasers with mesa widths ranging from 1 m (standard single mode) to 100 m (wide area) were fabricated on one wafer with identical current blocking layers at the sides. The single-mode devices had three times larger nominal threshold current density than the wide-area devices. Measurement of gain and loss in the devices showed the single-mode devices to have 6-8 cm 1 higher loss and 40% lower optical confinement than the wide-area devices. Beyond these differences, the measurements show that up to 30% of the threshold current in the single-mode CMBH lasers does not contribute to the pumping of the MQW active region. Injection efficiency is measured to be close to unity for both single-mode and wide mesa devices. Scenarios to explain this parasitic current are discussed, including the potential role for nonradiative recombination centers at the regrown epitaxial interface, which can be consistent with all of the experimental results.
be significant and has been associated with the complex character of the voltage drop across the CB layers [4] - [6] . Furthermore, the etching and regrowth processes employed to fabricate CMBH lasers may leave recombination centers along the interface between the original epitaxial material and the first layer of the CB structure. This interface can serve as a path for carrier leakage or as a channel for excess nonradiative recombination. The resulting device performance may suffer due to an increase of the threshold current or a decrease of the efficiency and effective differential gain.
In this work, we have designed an experiment to directly measure the impact of carrier leakage processes at the edge of the active layer and the CB structure. The current in a CMBH laser can be subdivided into two parts: 1) that flowing through the active region and 2) that flowing around the active region, useful, and parasitic currents, correspondingly. The useful part of the threshold current can be expected to scale with the mesa width ( ). On the other hand, the parasitic contribution to the threshold current resulting from alternative current paths outside the active mesa ("edge" current) does not necessarily depend on . For single-mode devices with around 1 m, this "edge" current can make a relatively large contribution to the threshold.
A standard design of a 1.3-m InGaAsP multiplequantum-well (MQW) CMBH laser formed the basic design. However, a specially designed mask enabled fabrication of structures with different mesa widths, ranging from standard 1-m devices to the limit of wide-area devices, in adjacent positions on the wafer. Direct experiments demonstrated that: 1) standard 1-m mesa width devices have larger optical loss than the wide-area devices; 2) up to 30% of the threshold current of a single-mode laser with 1-m mesa width does not contribute to active region pumping; 3) nominal differential gain with respect to current density for the standard 1-m mesa width devices is half that of the wide-area devices; 4) injection efficiency above threshold is close to unity for both the standard single-mode (1 m) devices and the wide-area devices. Taken together, these results show that there is a nontrivial current flowing outside the active region in these devices. Furthermore, this excess current clamps above threshold.
II. EXPERIMENTS AND RESULTS
In order to understand the role of the "edge" current in the performance of CMBH lasers, in one technological process we grew a series of CMBH devices with variable mesa widths and identical current blocking structures. Laser structures with different mesas were adjacent on the wafer. This series of devices with different and identical current blocking offered an opportunity to separate "edge" current from active region current. Details of the structure design and growth can be found elsewhere [7] . We fabricated lasers with mesa widths of 1, 10, 60, and 100 m. The measured dependence of the threshold current on mesa width for 300-m cavity-length devices is shown in Fig. 2(a) . The actual values of the mesa widths were measured by scanning electron microscopy (SEM). No filamentation was observed in the near field, ensuring uniform distribution of the current along the mesa in wide mesa lasers. An example of a 100-m mesa laser is shown in the inset of Fig. 2(a) . The dependence of the threshold current on mesa width was linear with a nonzero offset on the threshold current axis [ Fig. 2(a) ]. Fig. 2(b) shows the dependence of the threshold current density ( ) on . For 10 m, the role of "edge" effects is negligible, and is almost mesa-width independent, being equal to the threshold current density in broad-area lasers . The value obtained is 1.1 kA/cm . As the mesa width becomes smaller, the nominal threshold current density jumps up, reaching 3.2 kA/cm for 1-m mesa devices, i.e., three times larger.
There are fundamental reasons for the threshold current to be larger for the single-mode devices. In particular, the effect of the mesa width on optical confinement and losses should be studied. According to ( the threshold material gain, the total optical loss, and the optical confinement factor), the threshold current increases if optical losses are enhanced or optical confinement is decreased. Fig. 3 shows the calculated total two-dimensional (2-D) overlap of the fundamental optical mode with the MQW region. The scalar wave equation was solved, including the cladding and the active layers, with the MQW region represented by a single average index of refraction. The active region was assumed to be rectangular in the cross section. In the case of lasers with wide mesas, 35% of the optical field is confined within the MQW region, and this value does not depend on for m. For the single-mode devices, we measured the mesa width from SEM data to be 0.95-1.00 m. From Fig. 3 , this suggests a MQW overlap of 28%-30%, 25% in the worst case. So the optical confinement factor ratio between 100-and 1-m mesa devices is estimated to be . In 1-m mesa single-mode lasers, the optical loss was determined from the long-wavelength wing [8] of the modal gain spectra measured at different currents below threshold (Fig. 4) . The modal gain values were obtained using the Hakki-Paoli technique [9] by measuring peak to valley ratio in amplified spontaneous emission (ASE) of 300-m-long uncoated Fabry-Perot lasers. After subtraction of about 40 cm for the mirror loss, one gets 33 cm of internal optical loss. Peak modal gain increases with current density almost linearly at a rate of about 28 cm /kA/cm (Fig. 4 , Using the measured gain and loss along with the estimated ratio of confinement factors, we estimate the expected threshold current density for the 1-m mesa single-mode devices in the absence of a leakage path.
kA/cm is to be multiplied 1.4 times for the optical confinement difference. Then, an additional 0.4 kA/cm is required to overcome the approximately 10 cm of extra optical loss in 1-m mesa devices, derived directly from the measured differential peak gain with current density. The estimated threshold current density of a single-mode laser is then 2 kA/cm . The directly measured number is 3.2 kA/cm , suggesting that "edge" current in a single-mode CMBH laser is about 30% of threshold, i.e., about 3 mA of 9 mA is consumed by current loss. This is consistent with the measured lower value of the nominal material differential gain with respect to the current in single-mode devices compared to broad-area ones (Table I) .
If the excess current in the single-mode devices is, indeed, bypassing the active layer, then the gain spectra can be used to demonstrate this further. If current conditions can be found where the material gain spectra are the same for the single-mode and wide-area devices, then the confinement factor ratio can be confirmed. We measured material gain spectra of single-mode and 100-m mesa lasers. For wide-stripe (100 m) multimode lasers, a spatial filtering technique for on-axes mode selection [10] was applied. Differential gain values shown in Table I were found from these measurements. Material gain spectra were obtained through conversion of the measured modal gain spectra according to . By choosing modal gain spectra for 1-and 100-m lasers with the same spectral location of the peak and the transparency energy, one can find the optical confinement ratio by fitting Matched material gain spectra imply equivalent pumping of the active layer. We conclude that the difference in current density is evidence for the parasitic current. Fig. 6 (b) shows material gain spectra for the same pair of devices but at equal nominal current densities. It is seen that the 100-m mesa device is pumped more strongly: the gain spectrum is wider, and the material gain maximum and transparency spectral positions are shifted to shorter wavelengths. This also shows that a fraction of the current in the single-mode devices is not going to pump the active region. For the devices in Fig. 6(a) , the ratio of the nominal current densities is approximately two over the range of current shown. Other devices show a different ratio, but it is interesting that the parasitic current appears to be roughly proportional to the active current in the near threshold range of current. Fig. 7 compares the nominal current densities required to reach the same threshold material gain in 1-and 100-m mesa devices. For the cavity length of 300 m, the laser with a mesa width has much smaller threshold material gain than does the 1-m mesa width single-mode device. In order to make the comparison unambiguous, longer cavity-length single-mode lasers can be used to force the threshold material gain to be the same as for the wide-area lasers. This was achieved with a 1-m mesa width laser having a cavity length of about 1200 m. Fig. 7 shows that the same threshold material gain is reached in the 100-m mesa device at a nominal current density which is half that in the 1-m device.
The measured values of the optical loss and external efficiency allow for determination of the injection efficiency: 90%-95% for both single-mode and multimode wide-area lasers show. In other words, despite a 30% the current loss below threshold, the injection efficiency above threshold for single-mode devices is close to unity and does not differ much from the efficiency for the 100-m lasers.
III. DISCUSSION
The experimental results conclusively show that there is a component of the current associated with either the edge of the active region or with the CB structure in the CMBH lasers studied. This current is a significant fraction of the threshold current for a standard single-mode device-30% in the devices studied here. It is presumably present for the other devices with various wide mesas, but becomes an insignificant fraction of the total current. The devices were designed and fabricated so that the region at the edge of the active region would be identical, independent of mesa width. The SEM data confirm that the layer morphology is, indeed, independent of the mesa width.
The present experiments give us quantitative evidence for the parasitic currents, but they do not provide a detailed picture of where the current may be going. There are several plausible scenarios. The experiments can exclude some of them.
Consider the schematic cross section of a typical CMBH laser shown in Fig. 8(a) . Half the device is shown. The main electron and hole currents flow to the active region and recombine there. This may include a component of the hole current that is injected into the side of the active layer. The analysis of leakage found in the literature concerns current through the CB structure, e.g., the n-p-n-p layer structure illustrated in Fig. 8(a) . Another scenario involves the regrown interface and recombination centers there. These could either be at the edge of the active per se, or perhaps distributed along the InP p-n junction. Finally, the edge of the active layer may be altered in some way such that there is a nontrivial region that does not contribute to the gain. This last scenario would be equivalent to the optical confinement factor being smaller than the mesa width measurement suggests. However, from the direct measurements of the gain spectra and the analysis of Fig. 6 , this scenario can be eliminated.
The usual mechanism of current flow through the npnp structure, turn-on of the thyristor type structure, should be voltage dependent. This will continue to be true above threshold. The hole current must crowd around the n layer in the blocking structure, which leads to a substantial voltage distribution in the upper p-cladding layer as the laser is driven above threshold. Therefore, the voltage on the thyristor continues to be increased which implies that the leakage current should increase above threshold. However, in the devices measured, the injection efficiency above threshold is near-unity and almost independent of mesa width. Furthermore, the differential resistance of the devices clamps at a constant value above threshold. We conclude that significant current flow through the body of the CB structure is not consistent with the experimental results.
The scenario of recombination centers at the regrown interface is consistent with the experimental results. It is clear that this scenario gives rise to a parasitic current. It is, furthermore, consistent with the parasitic current clamping above threshold, as required to explain the observed high injection efficiency. This may be surprising at first, but it follows from the fact that the quasi-Fermi level separation in the active layer of a laser clamps above threshold. All further voltage applied is dropped across the series resistances, mostly the p-type material, where the current is crowded around the n-type InP blocking layer. As a consequence, the hole quasi-Fermi level is approximately held constant throughout the p-type InP blocking layer.
To further illustrate this, we have performed drift-diffusion type simulations for a bulk active laser structure of the cross section shown in Fig. 8(a) . The simulations were performed so that the active layer density clamps at threshold and the differential resistance of the device is constant above threshold. The methodology is described in [11] . Fig. 8(b) shows the hole quasi-Fermi level computed for a bias of 1.5 V. This corresponds to a current of about 70 mA above threshold. The gradient of the quasifermi level is the driving force for the carriers. In Fig. 8(b) , one can see the substantial potential drop through the p-clad region, the crowding around the n-blocking layer, and the small drop at the edge of the active region, both on the top and on the side. This last potential drop drives the hole current over the barrier formed by accumulation and depletion at the heterointerface to the active region. As a consequence of the clamping in the active region, there is almost no further gradient through the p-blocking layer. As a result, the lower p-n InP junction has approximately the same bias as it had near threshold. The effect of the clamping is also shown in the line cuts displayed in Fig. 8(c) and (d) . Here, the valence band edge is shown, highlighting the fact that the barrier for hole injection at the lower p-n InP junction [ Fig. 8(c) ] changes by less than 0.1 eV, while one sees the substantial voltage drop in the p-cladding layer above the active region [ Fig. 8(d)] .
We have no measurements that could distinguish the location of the recombination, whether concentrated at the edge of the active region or distributed along the entire interface. Both possibilities are consistent with the data presented. The results in Fig. 6(a) suggest that the parasitic current is roughly proportional to the active current near the threshold bias conditions. This may point toward the scenario of recombination at the edge of the active region, although more detailed analysis would be required to establish this in detail.
IV. SUMMARY
We fabricated, in one technological process, a set of CMBH devices with different mesa widths in order to study the role of edge effects on the performance of single-mode, 1-m mesa width lasers. We observed a nominal threshold current density in the single-mode lasers that was three times higher than that in the broad-area devices. The difference in optical confinement and optical losses cannot fully explain this threshold current density increase. This has been demonstrated by direct measurement of the gain and loss in our devices. We conclude that up to 30% of the threshold current in the single-mode 1.3-m InGaAsP MQW CMBH lasers studied does not contribute to the active region pumping. Furthermore, this parasitic current is approximately constant above threshold and the device injection efficiency is close to unity. We discussed several possible mechanisms to explain the parasitic current. The scenario of nonradiative recombination centers at the regrown interface is consistent with all of the experimental results, including the high injection efficiency. However, the present experiments can not determine the exact location or the detailed nature of these centers. 
